bare hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions. Nevertheless, contrary to the nucleon-nucleon (NN) interaction, which is fairly well known due to the large number of existing scattering data and measured properties of nuclei, YN and YY interactions are still poorly constrained. The experimental difficulties associated with the short lifetime of hyperons and the low-intensity beam fluxes have limited the number of ΛN and ΣN events to several hundred [4] [5] [6] [7] [8] and that of Ξ N to very few. In the case of the YY interaction, the situation is even worse because no scattering data exist at all. Although this limited amount of data is not enough to fully constrain the YN and YY interactions, complementary information on them can be obtained from the study of hypernuclei, bound systems composed of neutron, protons and one or more hyperons. Hypernuclei were discovered by Danysz & Pniewski [9] in 1952 with the observation of a hyperfragment in a balloon-flown emulsion stack. Since then the use of highenergy accelerators as well as modern electronic counters have allowed the identification of more than 40 single Λ-hypernuclei, and few double Λ [10-17] and single-Ξ [18, 19] ones have been identified. It should be mentioned, however, that the existence of single-Ξ hypernuclei is not un-disputed in the literature [20, 21] . On the other hand, the existence of single Σ-hypernuclei has not been experimentally confirmed yet without ambiguity (e.g. [22] [23] [24] [25] [26] [27] [28] [29] [30] ) suggesting that the Σ-nucleon interaction is most probably repulsive [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
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We review the role and properties of hyperons in finite and infinite nuclear systems. In particular, we present different production mechanisms of hypernuclei, as well as several aspects of hypernuclear γ -ray spectroscopy, and the weak decay modes of hypernuclei. Then we discuss the construction of hyperon-nucleon and hyperon-hyperon interactions on the basis of the meson-exchange and chiral effective field theories. Recent developments based on the so-called V low k approach and lattice quantum chromodynamics will also be addressed. Finally, we go over some of the effects of hyperons on the properties of neutron and proto-neutron stars with an emphasis on the so-called 'hyperon puzzle', i.e. the problem of the strong softening of the equation of state, and the consequent reduction of the maximum mass, induced by the presence of hyperons, a problem which has become more intriguing and difficult to solve due the recent measurements of approximately 2M millisecond pulsars. We discuss some of the solutions proposed to tackle this problem. We also reexamine the role of hyperons on the cooling properties of newly born neutron stars and on the development of the so-called r-mode instability.
Introduction
The presence of hyperons (i.e. baryons with strange content) in finite and infinite nuclear systems constitutes a unique probe of the deep nuclear interior which gives us the opportunity to study baryon-baryon interactions from an enlarged perspective and to extend, in this way, our present knowledge of conventional nuclear physics to the SU(3)-flavour sector [1] . One of the goals of hypernuclear physics [2, 3] Conversely, the comparison of the theoretical predictions for these properties with astrophysical observations can provide strong constraints on the YN and YY interactions. Therefore, a detailed knowledge of the EoS of hypernuclear matter over a wide range of densities is required. This is a very hard task from the theoretical point of view. Traditionally, two types of approaches have been followed to describe the baryon-baryon interaction in the nuclear medium and, to construct from it the nuclear EoS: phenomenological and microscopic approaches.
Phenomenological approaches, either relativistic or non-relativistic, are based on effective density-dependent interactions which typically contain a certain number of parameters adjusted to reproduce nuclear and hypernuclear observables, and neutron star properties. Skyrme-type interactions [83, 84] and RMF models [85, 86] are among the most commonly used ones within this type of approaches. Skyrme-type forces have gained so much importance because they reproduce the binding energies and the nuclear radii over the whole periodic table with a reasonable set of parameters. Balberg and colleagues [87, 88] derived an analytic effective EoS using densitydependent baryon-baryon potentials based on Skyrme-type forces including hyperonic degrees of freedom. The features of this EoS rely on the properties of nuclei for the NN interaction, and mainly on the experimental data from hypernuclei for the YN and YY ones. It reproduces typical properties of high-density matter found in theoretical microscopic models. RMF models treat the baryonic and mesonic degrees of freedom explicitly. They are fully relativistic and are, in general, easier to handle because they only involve local densities and fields. The EoS of dense matter with hyperons was first described within the RMF by Glendenning [89] [90] [91] [92] and then by many other authors (e.g. [93] [94] [95] [96] ). The parameters of this approach are fixed by the properties of nuclei and nuclear bulk matter for the nucleonic sector, whereas the coupling constants of the hyperons are fixed by symmetry relations and hypernuclear observables.
Microscopic approaches, on the other hand, are based on realistic two-body baryon-baryon interactions that describe the scattering data in free space. These realistic interactions have been mainly constructed within the framework of a meson-exchange theory [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] , although in the last years a new approach based on chiral perturbation theory has emerged as a powerful tool [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] . In order to obtain the EoS, one has to solve then the very complicated many-body problem [119, 120] . A great difficulty of this problem lies in the treatment of the repulsive core, which dominates the short-range behaviour of the interaction. Although different microscopic many-body methods have been extensively used to the study of nuclear matter, up to our knowledge, only the Brueckner-Hartree-Fock (BHF) approximation [121] [122] [123] [124] [125] [126] [127] [128] of the Brueckner-Bethe-Goldstone theory, the V low k approach [129] , the Dirac-Brueckner-Hartree-Fock theory [130] [131] [132] , and the Auxiliary Field Diffusion Monte Carlo method [133] have been extended to the hyperonic sector. Very recently BHF calculations of hyperonic matter using YN interactions derived within SU(3) chiral effective field theory have also been done by the Jülich-Munich group [134, 135] and Kohno [136, 137] .
To finish this introduction, we would like to stress that although hypernuclear physics is almost 60 years old, it is still a very active field of research. New experimental facilities under construction at FAIR/GSI, JLAB, J-JPARC and other sites will soon allow for a more precise determination of the properties of hyperon-nucleon and hyperon-hyperon forces than is currently available. In addition, the recent detection by the LIGO/Virgo collaborations of the gravitational waves emitted in the coalescence of two neutron stars [138] opens a new era of astrophysical observation that in the near future will allow to constrain further the dense matter EoS.
The manuscript is organized in the following way. Production mechanisms of single-and double-Λ hypernuclei, several aspects of γ -ray hypernuclear spectroscopy and weak decay modes of hypernuclei are discussed in §2. In §3, we present different approaches to derive the hyperon-nucleon and hyperon-hyperon interactions based on the meson-exchange and chiral effective field theories. Recent developments from the so-called V low k approach and lattice quantum chromodynamics (QCD) are also reviewed in this section. The influence of hyperons on the properties of neutron stars is reviewed in §4. Finally, a summary is presented in §5. 
Production, spectroscopy and weak decay of hypernuclei
In the following, we will briefly describe different production mechanisms of hypernuclei. After that we will discuss some aspects of hypernuclear γ -ray spectroscopy, and we will finish this section by presenting the different weak decay modes of hypernuclei.
(a) Production mechanisms of hypernuclei
Hypernuclei can be produced by several mechanisms. The use of separated K − beams has allowed one for instance to produce single Λ-hypernuclei through (K − , π − ) strangeness exchange reactions:
where a K − hits a neutron of the nuclear target changing it into a Λ and emitting a π − . The quark flow diagram of the corresponding elementary process K − + n → π − + Λ, where one of the d quarks of the neutron is exchanged by the s quark of the K − , is shown in figure 1a . By measuring the momenta of both the incoming K − and the outgoing π − using two magnetic spectrometers with good energy resolution it is possible to determine accurately the mass of the formed hypernucleus
from which its binding energy can be easily obtained
In some experiments, a rather low-momentum K − beam is injected on thick nuclear targets. In this case, the K − is stopped before it decays, loses its energy in the target, and is eventually trapped in an atomic orbit. The stopped K − is then observed by the atomic nucleus through a strangeness exchange process that leads to the formation of a hypernucleus and the emission of a π − ,
This reaction occurs essentially at rest and, therefore, in this case it is necessary to measure only the momentum of the emitted pion in order to determine the mass of the hypernucleus
and its corresponding binding energy. Therefore, only one magnetic spectrometer is necessary in this case. These reactions, initially measured at CERN, have been studied mainly at BNL in the USA, and at KEK and J-PARC in Japan. The use of π + beams has permitted hypernuclei to be produced by means of (π + , K + ) associated production reactions:
In this case, when a neutron of the target is hit by a π + , an s¯s pair is created from the vacuum, and a K + and a Λ are produced in the final state. Figure 1b shows the quark flow diagram of the underlying elementary process π + + n → K + + Λ. The production cross section of this mechanism is reduced compared with the one of the strangeness exchange reaction. This drawback, however, is compensated by the fact that the intensities of the π + beams are larger than those of the K − ones. The mass of the hypernucleus and, therefore, its binding energy is obtained by measuring the momenta of the incident π + and the outgoing K + with the help of two spectrometers as in the case of the (K − , π − ) reaction. These experiments have been also performed at BNL and KEK, and later at GSI (Germany). 1 . Quark flow diagrams of the elementary processes K − + n → π − + Λ (a) and π + + n → K + + Λ (b) leading to the formation of single Λ-hypernuclei in strangeness exchange and associated production reactions. (Online version in colour.) The electroproduction of hypernuclei by means of the (e, e K + ) reaction,
provides a high-precision tool for the study of Λ-hypernuclear spectroscopy due to the excellent spatial and energy resolution of the electron beams [139] . This reaction can be described in good approximation as the exchange of a virtual photon between the incoming electron and a proton of the nuclear target (figure 2). The electron is scattered and a Λ plus a K + are produced in the final state. The cross section for this reaction is about 2 orders of magnitude smaller than that of the (π + , K + ) one. However, this can be compensated by the larger intensities of the electron beams. Experiments must be done within a small angle around the direction of the virtual photon because the cross section falls rapidly with increasing transfer momentum, and the virtual photon flux is maximized for an electron scattering angle near zero degrees. The geometry of the experiment requires the use of a couple of spectrometers to detect the kaon and the scattered electrons (which define the virtual photon). These spectrometers must be placed at extremely forward angles, making necessary the use of a magnet to deflect the electrons away from zero degrees into their respective spectrometer. Additionally, since many protons, positrons and pions are transmitted through the kaon spectrometer, an excellent particle identification is required, not only in the hardware trigger, but also in the data analysis. By measuring the type of out-going particles and their energies (E e , E K + ), and knowing the energy of the in-coming electron (E e ), it is possible to calculate the energy which is left inside the nucleus in each event: . Momentum transferred to the Λ as a function of the incident particle momentum for the n(K − , π − )Λ, n(π + , K + )Λ and p(γ , K + )Λ elementary process at 0 0 underlying the production of single Λ-hypernuclei. Figure adapted from Hugenford [140] . (Online version in colour.) have the instrumental capabilities to perform experiments on hypernuclear spectroscopy by using electron beams.
Before continuing, we should mention here that the HypHI collaboration at FAIR/GSI has recently proposed a completely new and alternative way to produce hypernuclei by using stable and unstable heavy ion beams [141] . A first experiment has been already performed using a 6 Li beam on a 12 C target at 2 A GeV, in which the Λ and the 3 Λ H and 4 Λ H hypernuclei have been observed [142] . Figure 3 shows the kinematics of the elementary processes n(K − , π − )Λ, n(π + , K + )Λ and p(γ , K + )Λ underlying the three production mechanisms of single Λ-hypernuclei discussed above. Note that the momentum transferred to the Λ is much lower for the first of these reactions than for the other two. This is basically due to the fact that since the K − interacts strongly with the nucleus through various resonant states, like e.g. the famous Λ(1405), the in-coming kaons in the n(K − , π − )Λ reaction slows down rapidly in the nucleus, and they interact (with very little momentum transfer) mostly with an outer shell neutron that is replaced by a Λ in the same shell. Consequently, in this case, the Λ will have a large probability of interacting with, or being bound to, the nucleus. On the contrary, the mean free path of π + and K + in the nuclear medium is longer than that of the K − and, therefore, they can interact with more internal nucleons transferring a larger momentum to the Λ. Thus, in the case of the n(π + , K + )Λ or p(γ , K + )Λ reactions, being the recoil momentum of the hyperon high, the cross sections to bound states are reduced, and the produced Λ has a high probability of escaping the nucleus.
Σ-hypernuclei can also be produced by the mechanisms just described. However, as mentioned before, there is not yet an unambiguous experimental confirmation of their existence.
Double-Λ hypernuclei are nowadays the best systems to investigate the properties of the strangeness S = −2 baryon-baryon interaction. Contrary to single Λ-hypernuclei, double-Λ hypernuclei cannot be produced in a single reaction. To produce them, first it is needed to create a Ξ − which can be done through reactions like Then if the Ξ − is captured in an atomic orbit it can interact in a second step with the nuclear core producing two Λ hyperons via processes such as, e.g.
where the approximately 28-29 MeV of energy released in this reaction are equally shared between the two Λ's leading, in most cases, to the escape of one or both of them from the nucleus. The binding energy B ΛΛ of two Λ's in double-Λ hypernuclei can be determined experimentally from the measurement of the biding energies of single-and double-Λ hypernuclei simply as
Earlier emulsion experiments reported the formation of a few double-Λ hypernuclei: 6 ΛΛ He, 10 ΛΛ Be and 13 ΛΛ B [11] [12] [13] [14] [15] . The subsequent analysis of these experiments indicated a quite large ΛΛ bond energy of around 4-5 MeV, contrary to SU(3) expectations [102] [103] [104] [105] [106] [107] . However, the identification of some of these double-Λ hypernuclei was ambiguous and, therefore, careful attention should be paid to these old data specially when using it to put any kind of constraint on the ΛΛ interaction. In 2001, a new 6 ΛΛ He candidate was unambiguously observed at KEK [143] . The value of the ΛΛ bond energy deduced from this event was B ΛΛ = 1.01 ± 0.2 +0.18 −0.11 MeV which has been recently revised to B ΛΛ = 0.67 ± 0.17 MeV due to a change in the value of the Ξ − mass [144] . Further experiments are planned in the future at BNL, KEK and J-PARC with K − beams, and at FAIR/GSI with protons and antiprotons.
Finally, we note that Ξ − -hypernuclei can be produced through the reactions (2.9) and (2.10). As mentioned in the Introduction very few Ξ -hypernuclei have been presently identified. The analysis of the experimental data from the production reactions 12 C(K − , K + ) 12 Ξ − Be reported in [18] seems to indicate an attractive Ξ -nucleus interaction of the order of about −14 MeV. However, the independent analysis of the (K − , K + )Ξ − production spectrum on 12 C carried out by Kohno et al. [20, 21] found that the experimental data do not necessarily imply the attractive strength of about −14 MeV for the Ξ -nucleus potential but, instead, that an almost zero potential is preferable. Here we should mention also the very recent observation of a deeply bound state of the Ξ − − 14 N system with a binding energy of 4.38 ± 0.25 MeV by Nakazawa et al. [19] . This event provides the first clear evidence of a deeply bound state of this system by an attractive Ξ N interaction. Future Ξ -hypernuclei production experiments are being planned at J-PARC.
(b) Hypernuclear γ -ray spectroscopy
Hypernuclei can be produced in excited states if a nucleon in a p or a higher shell is replaced by a hyperon. The energy of these excited states can be released either by emitting nucleons, or, sometimes, when the hyperon moves to lower energy states, by the emission of γ -rays. The detection of γ -ray transitions in Λ-hypernuclei has allowed the analysis of hypernuclear excited states with very good energy resolution. However, there have been some technical difficulties in the application of γ -ray spectroscopy to hypernuclei mainly related with the detection efficiency of γ -ray measurements and with the necessity of covering a large solid angle with γ -ray detectors. The construction of the large-acceptance germanium detector array Hyperball [145] , dedicated to hypernuclear γ -ray spectroscopy, has allowed one to solve these issues somehow. There exist still, however, several weak points in hypernuclear γ -ray spectroscopy. A number of single-particle Λ orbits are bound in heavy Λ hypernuclei with a potential depth of around 30 MeV but the energy levels of many single-particle orbits are above the neutron and proton emission thresholds. Therefore, the observation of γ -rays is limited to the low excitation region, maybe up to the Λ pshell. The fact that the γ -ray transition only measures the energy difference between two states is clearly another weak point, since single energy information is not enough to fully identify the two levels. The measurement of two γ -rays in coincidence might help to resolve it. 16 Figure 4 shows, as an example, the γ -ray transitions and the level scheme of 16 Λ O identified and determined by γ -ray spectroscopy using the germanium detector array Hyperball at BNL [146] . The γ -ray spectrum of 16 Λ O was measured by using the (K − , π − ) reaction. The observed twin peaks demonstrate the hypernuclear fine structure for the (1 − → 1 − ) and (1 − → 0 − ) transitions in 16 Λ O. The small spacing between the twin peaks is due to the spin dependence of the Λ N interaction.
(c) Weak decay of single Λ-hypernuclei
The main decay mode of a Λ particle in free space is the so-called mesonic weak decay mode
where a Λ particle decays approximately 60% of the times into a proton and a π − , and approximately 40% of them into a neutron and a π 0 . This mode, however, is strongly suppressed by the Pauli principle when the hyperon is bound in the nucleus, because the momentum of the out-going nucleon (approx. 100 MeV c −1 ) is smaller than the typical Fermi momentum in the nucleus (approx. 270 MeV c −1 ). The so-called non-mesonic mode, according to which the Λ interacts with one (or more) of the surrounding nucleons becomes, therefore, the dominant decay mode in hypernuclei, especially in medium and heavy hypernuclei. The weak decay of hypernuclei has been mainly studied within the frameworks of meson-exchange models [147, 148] and effective field theory [149, 150] . Two comprehensive reviews on the theoretical aspects of hypernuclear weak decay can be found in [151, 152] for the interested reader.
The weak decay rate Γ (expressed in units of the decay rate of the Λ in free space) is shown as a function of the total number of particles A + 1 in figure 5 . The figure has been adapted from the original one in [153] . Theoretical predictions of the mesonic Γ M , non-mesonic Γ NM and total Γ T decay rates are presented by the dot, dashed and solid lines, respectively. The contributions of one-nucleon and two-nucleon induced decay mode to the non-mesonic decay rate (see equations (2.14) and (2.15)) are also plotted (curves labelled Γ 1 and Γ 2 in the figure) . Experimental values of the total and non-mesonic decay rates are given by the squares and circle marks, respectively. As it can be seen in the figure, the analysis of hypernuclear lifetimes as a function of the mass number A shows that the mesonic decay mode gets blocked as A increases, while the non-mesonic decay increases up to a saturation value of the order of the free decay, reflecting the short-range nature of the weak S = 1 baryon-baryon interaction. The interested reader is referred to [147] [148] [149] [150] [151] [152] [153] [154] [155] and references therein for a detailed discussion on this topic.
The hyperon-nucleon interaction
QCD is commonly recognized as the fundamental theory of the strong interaction, and therefore, in principle, the baryon-baryon interaction is completely determined by the underlying quark-gluon dynamics in QCD. Nevertheless, due to the mathematical problems raised by the non-perturbative character of QCD at low and intermediate energies (at this range of energies the coupling constants become too large for perturbative approaches), one is still far from a quantitative understanding of the baryon-baryon interaction from the QCD point of view. This problem has usually been circumvented by introducing models in which only hadronic degrees of freedom are assumed to be relevant. Quarks are confined inside the hadrons by the strong interaction and the baryon-baryon force arises from meson-exchange [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] . Although such an effective description provides a quantitative representation of the fundamental theory in the energy regime of nuclear physics, a big effort has been invested in the last years in understanding the baryon-baryon interaction from a chiral effective field theory perspective [156] . Quark degrees of freedom are expected to be important only at very short distances and high energies. Shortrange parts of the interaction are treated in all meson-exchange models by including form factors which take into account, in an effective way, the extended structure of hadrons. In the case of chiral effective field theory approaches, short-distance physics is encoded instead into low-energy constants. The interaction as a whole is regularized before iterating it in the Lippmann-Schwinger equation, and the regulator cut-off is chosen before fitting the free parameters of the interaction, in contrast to meson-exchange models, where the cut-off is fitted.
In this section, we will briefly review the meson-exchange and chiral effective field theory approaches of the hyperon-nucleon and hyperon-hyperon interactions, and we will present recent developments from the so-called V lowk approach and lattice QCD.
(a) Meson-exchange models
The three relevant meson field types that mediate the interaction among the different baryons are the scalar (s) fields: σ , δ (nowadays commonly referred to as a 0 or a 0 (980)); the pseudoscalar (ps) fields: π , K, η, η and the vector (v) fields: ρ, K * , ω, φ. Guided by symmetry principles, simplicity and physical intuition the most commonly employed interaction Lagrangians that couple these 
and
for scalar, pseudoscalar and vector coupling, respectively. Alternatively, for the pseudoscalar field there is also the so-called pseudovector (pv) or gradient coupling, which is suggested as an effective coupling by chiral symmetry [157, 158] 
In the above expressions, Ψ denotes the baryon fields for spin 1 2 baryons, Φ (s) , Φ (ps) and Φ (v) are the corresponding scalar, pseudoscalar and vector fields, and the g's are the corresponding coupling constants that must be constrained by e.g. scattering data. Note that the above Lagrangians are for isoscalar mesons; however, for isovector mesons, the fields Φ trivially modify to τ · Φ with τ being the usual isospin Pauli matrices.
Employing the above Lagrangians, it is possible to construct a one-meson-exchange (OME) potential model. Figure 6 shows some OME diagrams contributing to different channels of the hyperon-nucleon interaction. A typical contribution to the baryon-baryon scattering amplitude arising from the exchange of a certain meson Φ is given by
represents the meson propagator, u andū are the usual Dirac spinor and its adjoint (ūu = 1,ū = u † γ 0 ), g Φ1 and g Φ2 are the coupling constants at the vertices, and the Γ 's denote the corresponding Dirac structures of the vertices
In the case of scalar and pseudoscalar meson-exchanges, the numerator P Φ of the propagator is just 1. For vector meson-exchange, however, is the rank 2 tensor
where g μν = diag(1, −1, −1, −1) is the usual Minkowski metric tensor and q μ = (p 1 − p 1 ) μ is the four momentum transfer.
In general, when all types of baryons are included, the interaction potential will be simply the sum of all the partial contributions
Expanding the free Dirac spinor in terms of 1/M (M is the mass of the relevant baryon) to lowest order leads to the familiar non-relativistic expressions for the baryon-baryon potentials, which through Fourier transformation give the configuration space version of the interaction. The general expression for the local approximation of the baryon-baryon interaction in configuration space is
where C C Φ , C σ Φ , C LS Φ and C T Φ are numerical factors containing the coupling constants g's and the baryon masses, L is the total orbital angular momentum, S is the total spin, and S 12 (r) is the usual tensor operator in configuration space
Finally, one has to remember that in the meson-exchange theory all meson-baryon vertices must be necessarily modified by the introduction of the so-called form factors. Each vertex is multiplied by a form factor of the type
In equation (3.11), the quantity n α is usually taken equal to 1 (monopole form factor) or 2 (dipole form factor). The vector k denotes the 3-momentum transfer, whereas Λ α is the so-called cut-off mass, typically of the order 1.2-2 GeV. Originally, the form factors were introduced for purely mathematical reasons, namely, to avoid divergences in the scattering equation. Nevertheless, our present knowledge of the (quark) substructure of baryons and mesons provides a physical reason for their presence. Obviously, it does not make sense to take the meson-exchange picture seriously in a region in which modifications due to the extended structure of hadrons come into play. Until now all that we have said is general and nothing has been commented yet about the specific hyperon-nucleon interaction. Presently, the most commonly employed meson-exchange models for the hyperon-nucleon interaction are those built by the Jülich [100, 101] and the Nijmegen [102] [103] [104] [105] [106] [107] groups. The main features of these two classes of models are briefly presented in the following and the interested reader is referred to the original works for detailed information.
The Jülich hyperon-nucleon interaction models [100, 101] are constructed in complete analogy to the Bonn nucleon-nucleon force [98] . The interaction model built in 1989 by Holzenkamp et al. [100] is defined in momentum space and contains the full energy-dependence and nonlocality structure. Besides single-meson-exchange processes, it includes higher-order processes involving π -and ρ-exchange processes (correlated 2π -exchange are conveniently parametrized in terms of an effective σ -exchange) and, in addition, KK, KK * and K * K * processes with N, , Λ, Σ and Σ * (1385) intermediate states. Therefore, the model not only includes the couplings between the ΛN and ΣN channels, but also couplings to the Λ, Σ and NΣ * ones. The exchange of the pseudoscalar mesons η and η is not considered. Parameters (coupling constants and cutoff masses) at NN and N vertices are taken from the Bonn model. Coupling constants at the vertices involving strange particles are fixed by relating them, under the assumption of SU(6) symmetry, to the NN and N values. Thus, the only free parameters are the cut-off masses at the strange vertices which are adjusted to the existing hyperon-nucleon data. An updated version of the interaction, containing only contributions from octet baryon, was published in 2005 by Haidenbauer & Meissner [101] . The form factors at the vertices are parametrized in the conventional monopole form or dipole form when the vertex involves both a spin- 3 2 baryon and a vector meson.
The Nijmegen Soft-Core 89 (NSC89) hyperon-nucleon interaction [102] is obtained by a straightforward extension of the Nijmegen nucleon-nucleon model [99] , through the application of SU(3) symmetry. It is defined both in momentum and in configuration space. The model is generated by the exchange of nonets of pseudoscalar and vector mesons, and scalar mesons including, in particular, the isoscalar ones f 0 (500) and f 0 (980). Assuming SU(3) symmetry all the coupling constants at the vertices with strange particles are related to the NN ones. Gaussian form factors are taken at the vertices to guarantee a soft behaviour of the potential in configuration space at small distances. Finally, the Nijmegen Soft-Core 97 (NSC97a-f) [103, 104] and the recent Extended Soft-Core (ESC) [105] [106] [107] baryon-baryon interactions for the complete octet of baryons are based on SU(3) extensions of the Nijmegen potential models for the nucleon-nucleon [99] and the hyperonnucleon [102] interactions. They describe not only the sectors of strangeness S = 0 (NN) and S = −1 (ΛN, ΣN) , but also the ones of strangeness S = −2 (ΛΛ, ΛΣ, ΣΣ, Ξ N), S = −3 (ΛΞ , ΣΞ ) and S = −4 (ΞΞ). These models are parametrized in terms of one-meson exchanges (in the case of the ESC ones also two-meson exchanges), and all coupling constants are determined by a fit to the NN and YN scattering data and the use of SU(3) relations. However, the fit to the NN and YN data still allows for some freedom in the parameters and different models exists. These models are characterized by different choices of the magnetic vector F/(F + D) ratio, α m v , which serves to produce different scattering length in the ΛN and ΣN channels, but at the same time allows to describe the available NN and YN scattering data as well. Within each model, there are no free parameters left and so each parameter set defines a baryon-baryon potential that models all possible two-baryon interactions. Gaussian form factors are taken as in the NSC89 model.
(b) Chiral effective field theory approach
Although the meson-exchange picture provides a practical and systematic approach to the description of hadronic reactions in the low-and medium-energy regime, in the last decade chiral effective field theory (χ EFT) has emerged as a new powerful tool as already mentioned in the Introduction. The derivation of the nuclear force from χ EFT has been extensively discussed in the literature since the pioneering work of Weinberg [108, 109] . The main advantage of this scheme is that there is an underlying power counting that allows calculations to be improved systematically by going to higher orders in a perturbative expansion. In addition, it is possible to derive two-and corresponding three-body forces as well as external current operators in a consistent way. During the last years, the NN interaction has been described to high precision using χ EFT [110] [111] [112] [113] . In these works, the power counting is applied to the NN potential, which consists of pion exchanges and a series of contact interactions with an increasing number of derivatives to parametrize the shorter part of the NN force. A regularized Lippmann-Schwinger equation is solved to calculate observable quantities. The interested reader is referred to [110] [111] [112] [113] and references therein for a comprehensive review (see also [114] [115] [116] ).
Compared to the NN case, there are very few investigations of the YN interaction using χ EFT. A recent application of the scheme used in [111] to the YN and the YY interactions has been performed by the Jülich-Bonn-Munich group [117, 118] . Next, we present a brief description of this χ EFT approach to the YN interaction and refer the interested reader to the original works of the Jülich-Bonn-Munich group for details.
Analogous to the NN potential, at leading order (LO) in the power counting (see the upper diagrams of figure 7) , the YN potential consist of one pseudoscalar-meson exchanges and of four-baryon contact terms, where each of these two contributions is constrained via SU(3)-flavour symmetry. The contribution from the one pseudoscalar-meson-exchange term is constructed from the Lagrangian density
where the brackets denote the trace in flavour space, B is the irreducible baryon octet representation of SU(3) f given by D μ is the covariant derivative, M 0 is the octet baryon mass in the chiral limit, F and D are coupling constants satisfying the relation F + D = g A 1.26 with g A the axial-vector strength and
being F π = 92.4 MeV the weak pion decay constant and
the SU(3) f irreducible octet representation of the pseudoscalar mesons. The form of the baryonbaryon potentials obtained from this contribution is similar to the ones derived from the mesonexchange approach and in momentum space reads
with f B 1 B2P and f B 2 B 4 P the coupling constants of the two vertices, m ps the mass of the exchanged pseudoscalar meson, q the transferred momentum, and I B 1 B 2 →B 3 B 4 the corresponding isospin factor. The contribution from the four-baryon contact interactions can be derived from the following minimal set of Lagrangian densities: (3.18) and
Here, the labels a and b are the Dirac indices of the particles and Γ i denotes the five elements of the Clifford algebra, Γ 1 = 1, Γ 2 = γ μ , Γ 3 = σ μν , Γ 4 = γ μ γ 5 , Γ 5 = γ 5 which are actually diagonal 3 × 3 matrices in the flavour space. In LO, these Lagrangian densities give rise to six independent lowenergy coefficients (LECs): interactions resulting from these Lagrangians have the general form
where the coefficients C BB S and C BB T are linear combinations of C 1 S , C 1 T , C 2 S , C 2 T , C 3 S and C 3 T . At next-to-leading order (NLO) the contact terms read
where C i (i = 1, . . . , 8) are additional LECs. The momenta q and k are defined in terms of the initial p and final p baryon momenta in the centre-of-mass frame as q = p − p and k = (p + p )/2, respectively. The expressions for the two-pseudoscalar meson-exchange contributions are rather cumbersome and we refer the interested reader to the original work of Haidenbauer et al. [118] for details. The baryon-baryon potentials constructed in this way are then inserted in the Lippmann-Schwinger equation which is regularized with a cut-off regulator function of the type
in order to remove high-energy components of the baryon and pseudoscalar meson fields. The cut-off Λ is usually taken in the range 450-700 MeV.
(c) V low k hyperon-nucleon interaction
Following the same idea that in the NN case made possible to calculate a 'universal' effective lowmomentum potential V low k by using Renormalization Group techniques, recently, Schaefer et al. [159] have generalized this method to the YN sector. The effective low-momentum potential V low k is obtained by integrating out the high-momentum components of a realistic YN interaction. This is achieved by introducing a cut-off for the intermediate momenta in the Lippmann-Schwinger equation such that the physical low-energy quantities are cutoff independent. This results in a modified Lippmann-Schwinger equation with a cutoff-dependent effective potential V low k
By demanding dT(k , k; k 2 )/dΛ = 0, an exact Renormalization Group flow equation for V low k can be obtained
Integrating this flow equation, one can obtain a phase-shift, energy independent, soft (i.e. without hard core) and hermitian low-momentum potential V low k . Unfortunately, as it has already been said, contrary to the NN case there exist only few YN scattering data and hence the YN interaction is not well constrained. Schaefer et al. found (see figs. 1-6 of [159] ) that the YN phase shifts have approximately the same shape but have different heights, and the diagonal matrix elements, although they collapse for momenta near the cut-off, they differ for lower momenta.
In conclusion, however, one can still say that, in general, the results seem to indicate a similar convergence to a 'universal' softer low-momentum YN interaction as for the NN case.
(d) Baryon-baryon interactions from lattice quantum chromodynamics
In recent years, great progress to derive baryon-baryon interactions from lattice QCD has been made by the HALQCD [160] [161] [162] and NPLQCD (http://nplqcd.ub.edu) [163] [164] [165] [166] collaborations. It is worthwhile to point out, however, that there exist some discrepancies between these two collaborations regarding the reliability of the methods employed in their studies. Some of their recent results are mentioned here, and we refer the interested reader to the original works of these two collaborations. The HALQCD collaboration follows a method to extract the different baryon-baryon potentials from the Nambu-Bethe-Salpeter wave function measured on the lattice. Recently, this collaboration managed to approach the region of physical masses obtaining results for various nucleon-nucleon, hyperon-nucleon and hyperon-hyperon interaction channels [167] [168] [169] [170] [171] at a single value of the lattice volume and of the lattice spacing.
The NPLQCD collaboration combines calculations of correlation functions at several light quark mass values with the low-energy effective field theory. This approach is particularly interesting since it allows lattice QCD results to be matched with low-energy effective field theories providing the means for first predictions in the physical quark mass limit. Recently, this collaboration has calculated the nucleon-nucleon interaction in the 1 S 0 partial wave and the 3 S 1 − 3 D 1 coupled ones at a pion mass m π = 450 MeV [166] . Although the binding of the np calculated is too large and even the two-neutron system is bound for this pion mass, extrapolations to the physical value of the pion mass indicate that lattice results approach the observed properties of these systems. Very recently, the NPLQCD collaboration has also performed lattice QCD calculations of the nuclear matrix elements relevant for the double-β decay nn → ppe − e −ν eνe [172] , and the proton-proton fusion cross section pp → de + ν as well as the Gamow-Teller matrix element contributing to tritium β-decay [173] . In the strangeness sector, this collaboration has been able to determine the binding energies of light hypernuclei including 3 Λ He, 4 Λ He and 4 ΛΛ He [174] ; to compute the magnetic moment of the octet baryon [175] and to constraint the interactions of two-baryon octets at the SU(3)-flavour symmetric-point [176] . These results have been obtained at pion mass of approximately 800 MeV but calculations at m π = 450 MeV or lower values, which will allow one to extrapolate the results to the physical mass, are in progress.
We would like to conclude this section by mentioning that there have been also attempts to describe the YN and YY interactions within a constituent-quark model. The most successful work is probably that of Fujiwara et al. [177] .
Hyperons and neutron stars
Neutron stars are the remnants of the gravitational collapse of massive stars during a Type-II, Ib or Ic supernova event. Their masses and radii are typically of the order of 1 − 2M (M 2 × 10 33 g being the mass of the Sun) and 10-12 km, respectively. With central densities in the range of four to eight times the normal nuclear matter saturation density, 0 ∼ 2.7 × 10 14 g cm −3 (ρ 0 ∼ 0.16 fm −3 ), neutron stars are most likely among the densest objects in the Universe [80] [81] [82] . These objects are an excellent observatory to test our present understanding of the theory of strongly interacting matter at extreme conditions, and they offer an interesting interplay between nuclear processes and astrophysical observables.
Conditions of matter inside neutron stars are very different from those one can find on Earth; therefore, a good knowledge of the EoS of dense matter is required to understand the properties of these objects. Nowadays, it is still an open question which is the true nature of neutron stars. Traditionally, the core of neutron stars has been modelled as a uniform fluid of neutron-rich nuclear matter in equilibrium with respect to the weak interaction (β-stable matter). Nevertheless, due to the large value of the density, new hadronic degrees of freedom are expected to appear in addition to nucleons. Hyperons, baryons with a strangeness content, are an example of these new degrees of freedom. Contrary to terrestrial conditions, where hyperons are unstable and decay into nucleons through weak interaction, the equilibrium conditions in neutron stars can make the inverse process happen. Hyperons may appear in the inner core of neutron stars at densities of about 2 − 3ρ 0 . Their presence in the neutron star interior leads to a softening of the EoS and consequently to a reduction of the maximum mass. How much the EoS is softened, and how much the maximum mass is reduced depends on the attractive or repulsive character of the YN and YY interactions. In principle, attractive (repulsive) interactions cause an earlier (later) onset and larger (smaller) concentration of hyperons and, therefore, a stronger (more moderate) softening of the EoS and a larger (smaller) reduction of the maximum mass. However, it is well known (e.g. [127, 128] ) that, due to several compensation mechanisms, hyperons equalize the effect of different nucleonic interactions: a stiffer nucleonic EoS will lead to an earlier onset of hyperons thus enhancing the softening due to their presence. Conversely, a later onset of a certain hyperon species will favour the appearance of other species leading also to a softer EoS. The resulting maximum mass is surprisingly quite insensitive to the pure nucleonic EoS, and even to the details of the YN and YY interactions (e.g. [127] , fig. 2 and [128], fig. 3 ).
Other neutron star properties, such as their thermal and structural evolution, can also be very sensitive to the composition, and therefore to the hyperonic content of neutron star interiors. In particular, the cooling of neutron stars may be affected by the presence of hyperons, as they can modify neutrino emissivities and can allow for fast-cooling mechanisms. Furthermore, the emission of gravitational waves in hot and rapidly rotating neutron stars due to the so-called r-mode instability can also be affected by the presence of hyperons in neutron stars, because the bulk viscosity of neutron star matter is dominated by the contribution of hyperons as soon as they appear in the neutron star interior.
In the following, we briefly review the hyperon puzzle and present some of the ideas proposed to solve it. Then we re-examine the role of hyperons on the properties of newly born neutron stars, neutron star cooling and the r-mode instability.
(a) The hyperon puzzle
The presence of hyperons in neutron stars was considered for the first time in the pioneering work of Ambartsumyan & Saakyan in 1960 [178] . Since then, their effects on the properties of these objects have been studied by many authors using either phenomenological [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [179] [180] [181] [182] [183] [184] or microscopic [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] approaches for the neutron star matter EoS with hyperons. All these approaches agree that hyperons may appear in the inner core of neutron stars at densities of approximately 2-3ρ 0 as it has been said. At such densities, the nucleon chemical potential is large enough to make the conversion of nucleons into hyperons energetically favourable. This conversion relieves the Fermi pressure exerted by the baryons and makes the EoS softer, as it is illustrated in figure 8a for a generic model with (black solid line) and without (red dashed line) hyperons. As a consequence (see figure 8b ) the mass of the star, particularly its maximum value, is substantially reduced. In microscopic calculations (e.g. [121] [122] [123] [124] [125] [126] [127] [128] [129] ), the reduction of the maximum mass can be even below the 'canonical' one of 1.4-1.5M [185] . This is not the case, however, in phenomenological calculations for which the maximum mass obtained is still compatible with the canonical value. In fact, most relativistic models including hyperons obtain maximum masses in the range 1.4-1.8M [93] [94] [95] [96] .
Although the presence of hyperons in neutron stars seems to be energetically unavoidable; however, their strong softening of the EoS leads (mainly in microscopic models) to maximum masses not compatible with observation. The solution of this problem is not easy, and it is presently a subject of very active research, specially in view of the recent measurements of unusually high masses of the millisecond pulsars PSR J1903+0327 (1.667 ± 0.021) [188] [189] [190] , PSR J1614-2230 (1.928 ± 0.017M ) [186] , and PSR J0348+0432 (2.01 ± 0.04M ) [187] which rule out almost all currently proposed EoS with hyperons (both microscopic and phenomenological). To solve this problem, a mechanism is necessary that could eventually provide the additional repulsion needed to make the EoS stiffer and, therefore the maximum mass compatible with the current observational limits. Three different mechanisms that could provide such additional repulsion that have been proposed are (i) the inclusion of a repulsive hyperon-hyperon interaction through the exchange of vector mesons [191] [192] [193] [194] , (ii) the inclusion of repulsive hyperonic three-body forces [135, 137, [195] [196] [197] [198] [199] [200] , or (iii) the possibility of a phase transition to deconfined quark matter at densities below the hyperon threshold [201] [202] [203] [204] [205] . In the following, we briefly review these three possible solutions. The section closes with a short comment on the role of the isobar and kaon condensation in neutron stars.
(i) Hyperon-hyperon repulsion
This solution has been mainly explored in the context of RMF models (e.g. [191] [192] [193] [194] ), and it is based on the well-known fact that, in a meson-exchange model of nuclear forces, vector mesons generate repulsion at short distances. If the interaction of hyperons with vector mesons is repulsive enough, then it could provide the required stiffness to explain the current pulsar mass observations. However, hypernuclear data indicate that, at least, the ΛN interaction is attractive [145] . Therefore, in order to be consistent with experimental data of hypernuclei, the repulsion in the hyperonic sector is included in these models only in the hyperon-hyperon interaction through the exchange of the hidden strangeness φ vector meson coupled only to the hyperons. In this way, the onset of hyperons is shifted to higher densities and neutron stars with maximum masses larger than 2M and a significant hyperon fraction can be successfully obtained. However, a question arises, how this additional repulsion in the YY sector affects for instance the binding energy B ΛΛ (see equation (2.12)) of two Λ's in double-Λ hypernuclei?. The answer is not easy, but in the recent work of Fortin et al. [206] it has been shown that, with currently available hypernuclear experimental data and the lack of stronger constraints on the asymmetric nuclear matter EoS, in RMF models it is still possible to find a wide range of values of the Λφ coupling which, when used in the calculation of hypernuclear properties, gives results for B ΛΛ compatible with those derived from the experimental data on 6 ΛΛ He, and that, simultaneously, when applied to neutron stars, predict maximum masses compatible with 2M . For further information the interested reader is referred to any of the works that have explored this solution in the last years.
(ii) Hyperonic three-body forces
It is well known that the inclusion of three-nucleon forces in the nuclear Hamiltonian is fundamental to reproduce properly the properties of few-nucleon systems as well as the empirical saturation point of symmetric nuclear matter in calculations based on non-relativistic many-body approaches. Therefore, it seems natural to think that three-body forces involving one or more hyperons (i.e. NNY, NYY and YYY) could also play an important role in the determination of the neutron star matter EoS, and contribute to the solution of the hyperon puzzle.
This idea was suggested even before the observation of neutron stars with approximately 2M (e.g. [195, 196] ), and it has been explored by several authors in the last years [197] [198] [199] [200] . However, the results of these works show that there is not yet a general consensus regarding the role of hyperonic three-body forces on the hyperon puzzle. Whereas in [195, 196, 198, 199] , these forces allow one to obtain hyperon stars with 2M , in [197] the largest maximum mass that they can support is 1.6M , and the results of Lonardoni et al. [200] are not conclusive enough due to their strong dependence on the ΛNN force employed. Therefore, it seems that hyperonic three-body forces are not the full solution to the hyperon puzzle, although, most probably, they can contribute to it in a very important way. We should mention here that the effect of NNY forces, derived in the context of chiral effective field theory, on the properties of hyperonic matter has been recently studied by Haidenbauer et al. [135] and Kohno [137] . The interested reader is referred to all the works quoted for the specific details of the calculations.
(iii) Quarks in neutron stars
Several authors have suggested that an early phase transition from hadronic matter to deconfined quark matter at densities below the hyperon threshold could provide a solution to the hyperon puzzle. Therefore, massive neutron stars could actually be hybrid stars with a stiff quark matter core. The question that arises in this case is then whether quarks can provide sufficient repulsion required to produce a 2M neutron star. To yield maximum masses larger than 2M , quark matter should have two important and necessary features: (i) a significant overall quark repulsion resulting in a stiff EoS and (ii) a strong attraction in a particular channel resulting in a strong colour superconductivity, needed to make the deconfined quark matter phase energetically favourable over the hadronic one [207] . Several models of hybrid stars with the necessary properties to generate 2M neutron stars have been proposed in recent years [201] [202] [203] [204] [205] . Conversely, the observation of 2M neutron stars may also help to impose important constraints on the models of hybrid and strange stars with a quark matter core, and improve our present understanding of the hadron-quark phase transition. Here, the interested reader is also referred to the original works for detail information on this possible solution.
(iv) isobar and kaon condensation in neutron stars
An alternative way to circumvent the hyperon puzzle is to invoke the appearance of other hadronic degrees of freedom such as for instance the isobar or meson condensates that push the onset of hyperons to higher densities.
Usually, the isobar is neglected in neutron stars since its threshold density was found to be higher than the typical densities prevalent in the neutron star core. However, this possibility has been recently reviewed by Drago et al. [208, 209] . The authors of this work have shown that the onset of the depends crucially on the density-dependence of the derivative parameter of the nuclear symmetry energy, L = 3ρ 0 (∂E sym (ρ)/∂ρ) ρ 0 . By using a state-of-the-art EoS and recent experimental constraints of L, these authors showed that the isobar could actually appear before the hyperons in the neutron star interior. However, they found that, as soon as the is present the EoS, as in the case of hyperons, becomes considerably softer and, consequently, the maximum mass is reduced to values below the current observational limit also in this case, giving rise to what has been recently called the puzzle.
The possible existence of a Bose-Einstein condensate of negative kaons in the inner core of neutron stars has also been extensively considered in the literature (see e.g. [210] [211] [212] [213] [214] [215] and references therein). As the density of stellar matter increases, the K − chemical potential, μ K − , is lowered by the attractive vector meson field originating from dense nucleonic mater. When μ K − becomes smaller than the electron chemical potential μ e the process e − → K − + ν e becomes energetically possible. The critical density for this process was calculated to be in the range 2.5-5ρ 0 [213, 214] . However, as in the case of the , the appearance of the kaon condensation induces also a strong softening of the EoS and the consequently leads to a reduction of the maximum mass to values also below the current observational limits. The interested reader is referred to the original works on this subject [210] [211] [212] [213] [214] [215] for a comprehensive description of the implications of kaon condensation on the structure and evolution of neutron stars. 
(b) Hyperon stars at birth and neutron star cooling
As was said at the beginning of this section, neutron stars are formed in Type-II, Ib or Ic supernova explosions. Properties of newly born neutron stars are affected by thermal effects and the trapping of neutrinos inside the star during the first tens of seconds after its formation when the physical conditions are such that the neutrino mean free path becomes smaller than the stellar radius. These two effects have a strong influence on the overall stiffness of the EoS and the composition of the star. In particular (e.g. [216] [217] [218] [219] [220] ), matter becomes more proton rich, the number of muons is significantly reduced and the onset of hyperons is shifted to higher densities. In addition, the number of strange particles is on average smaller, and the EoS is stiffer in comparison with the cold and neutrino-free case. A very important implication of neutrino trapping in dense matter is the possibility of having metastable neutron stars and a delayed formation of a 'low-mass' (M = 1 − 2M ) black hole. This is illustrated in figure 9 for the case of the BHF calculation of [219] . The figure shows the gravitational mass M G of the star as a function of its baryonic mass M B . If hyperons are present (figure 9a), then deleptonization lowers the range of gravitational masses that can be supported by the EoS from about 1.59M to about 1.28M (see dotted horizontal lines in the figure). Since most of the matter accretion on the forming neutron star happens in a very early stages after birth (t < 1 s), with a good approximation, the neutron star baryonic mass stays constant during the evolution from the initial proto-neutron star configuration to the final neutrino-free one. Then, for this particular model, proto-neutron stars which at birth have a gravitational mass between 1.28 and 1.59M (a baryonic mass between 1.40 and 1.72M ) will be stabilized by neutrino trapping effects long enough to carry out nucleosynthesis accompanying a Type-II supernova explosion. After neutrinos leave the star, the EoS is softened and it cannot support anymore the star against its own gravity. The newborn star collapses then to a black hole [216] [217] [218] . On the other hand, if only nucleons are considered to be the relevant baryonic degrees of freedom (figure 9b), no metastability occurs and a black hole is unlikely to be formed during the deleptonization since the gravitational mass increases during this stage which happens at (almost) constant baryonic mass. If a black hole were to form from a star with only nucleons, it is much more likely to form during the post-bounce accretion stage. The cooling of the newly born hot neutron stars is driven first by the neutrino emission from the interior, and then by the emission of photons at the surface. Neutrino emission processes can be divided into slow and fast processes depending on whether one or two baryons participate. The simplest possible neutrino emission process is the so-called direct Urca process:
This is a fast mechanism which however, due to momentum conservation, is only possible when the proton fraction exceeds a critical value x DURCA ∼ 11% to 15% [221] . Other neutrino processes which lead to medium or slow cooling scenarios, but are operative at any density and proton fraction, are the so-called modified Urca processes:
the bremsstrahlung:
or the Cooper pair formation:
The last process operates only when the temperature of the star drops below the critical temperature for neutron superfluidity or proton superconductivity. If hyperons are present in the neutron star interior new neutrino emission processes, like e.g.
may occur providing additional fast cooling mechanisms. Such additional rapid cooling mechanisms, however, can lead to surface temperatures much lower than that observed, unless they are suppressed by hyperon pairing gaps. Therefore, the study of hyperon superfluidity becomes of particular interest since it could play a key role in the thermal history of neutron stars. Nevertheless, whereas the presence of superfluid neutrons in the inner crust of neutron stars, and superfluid neutrons together with superconducting protons in their quantum fluid interior is well established and has been the subject of many studies, a quantitative estimation of the hyperon pairing has not received so much attention, and just a few calculations exist in the literature [222] [223] [224] [225] [226] [227] [228] .
(c) Hyperons and the r-mode instability of neutron stars
It is well known that the upper limit on the rotational frequency of a neutron star is set by its Kepler frequency Ω Kepler , above which matter is ejected from the star's equator [229, 230] . However, a neutron star may be unstable against some perturbations which prevent it from reaching rotational frequencies as high as Ω Kepler , setting, therefore, a more stringent limit on its rotation [231] . Many different instabilities can operate in a neutron star. Among them, the so-called r-mode instability [232, 233] , a toroidal mode of oscillation whose restoring force is the Coriolis force, is particularly interesting. This oscillation mode leads to the emission of gravitational waves in hot and rapidly rotating neutron stars though the Chandrasekhar-Friedman-Schutz mechanism [234] [235] [236] [237] . Gravitational radiation makes an r-mode grow, whereas viscosity stabilizes it. Therefore, an r-mode is unstable if the gravitational radiation driving time is shorter than the damping time due to viscous processes. In this case, a rapidly rotating neutron star could transfer a significant fraction of its rotational energy and angular momentum to the emitted gravitational waves. The detection of these gravitational waves could provide invaluable information on the internal structure of the star and constraints on the EoS. Bulk (ξ ) and shear (η) viscosities are usually considered the main dissipation mechanism of r-and other pulsation modes in neutron stars. Bulk viscosity is the dominant one at high temperatures (T > 10 9 K) and, therefore, it is important for hot young neutron stars. It is produced when the pulsation modes induce variations in pressure and density that drive the star away from β-equilibrium. As a result, energy is dissipated as the weak interaction tries to reestablish the equilibrium. In the absence of hyperons or other exotic components, the bulk viscosity of neutron star matter is mainly determined by the reactions of direct and modified Urca processes. However, as soon as hyperons appear new mechanisms such as weak non-leptonic hyperon reactions:
direct and modified hyperonic Urca: 8) or strong interactions:
contribute to the bulk viscosity and dominate it for ρ ≥ 2 − 3ρ 0 . Several works have been devoted to the study of the hyperon bulk viscosity [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] . The interested reader is referred to these works for detailed studies on this topic. The time dependence of an r-mode oscillation is given by e iωt−t/τ (Ω,T) , where ω is the frequency of the mode, and τ (Ω, T) is an overall time scale of the mode which describes both its exponential growth due to gravitational wave emission as well as its decay due to viscous damping. It can be written as This equation defines the boundary of the so-called r-mode instability region. A star will be stable against the r-mode instability if its angular velocity is smaller than its corresponding Ω c . On the contrary, a star with Ω > Ω c will develop an instability that will cause a rapid loss of angular momentum through gravitational radiation until its angular velocity falls below the critical value.
In figure 10a , it is presented, as example, the r-mode instability region for a pure nucleonic (black solid line) and a hyperonic (red dashed line) star with 1.27M [253] . The contributions to the bulk viscosity from direct and modified nucleonic Urca processes as well as from the weak nonleptonic process n + n ↔ p + Σ − included in the calculation are shown in figure 10b . Clearly, the r-mode instability is smaller for the hyperonic star. The reason being simply the increase of the bulk viscosity due to the presence of hyperons which makes the damping of the mode more efficient.
Summary and conclusion
In this review article, we have discussed several topics of hypernuclear physics. After a short introduction to the field, we have discussed in the first part of this work different production mechanism of single-and double-Λ hypernuclei, as well as several aspects of γ -ray hypernuclear spectroscopy and weak decay modes of hypernuclei. Then, we have reviewed several approaches to build the hyperon-nucleon interaction. In particular, we have discussed models for the hyperon-nucleon interaction based on meson-exchange theory, chiral effective field theory and the recent V low k approach and lattice QCD developments. Finally, we have discussed the main effects of hyperons on the properties of neutron stars with an emphasis on the so-called 'hyperon puzzle', i.e. the problem of the strong softening of the EoS of dense matter due to the appearance of hyperons which leads to maximum masses of compact stars that are not compatible with the recent observations of approximately 2M millisecond pulsars. We have discussed three different solutions proposed to tackle this problem: (i) more repulsion in hyperon-hyperon interactions within the density functional theories of hypernuclear matter in the vector and/or scalar mesons exchange channels; (ii) repulsive hyperonic three-body forces in the ab initio microscopic calculations; and (iii) a phase transition to deconfined quark matter at densities below the hyperon threshold. The role of isobar on the possible solution of this problem as also been reviewed. We have also presented a discussion of how the presence of hyperons will affect the cooling of neutron stars and the r-mode instability window through modifications of the microscopic input of the weak interaction rates and transport coefficients of dense matter.
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